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The otic vesicle (otocyst) occupies a pivotal position in inner ear development, bridging the gap between otic placode determination, and
morphogenesis of vestibular and auditory compartments. The molecular mechanisms underlying the progressive subdivision of the
developing inner ear into different compartments, and the molecular control and execution of the different developmental processes involved,
are largely unknown. Since relatively few genes have been implicated in these processes, we have undertaken this study to identify genes
involved in these early embryonic stages. We have used cDNA subtractions of mouse otic vesicle against adult liver cDNA, and describe a set
of 280 candidate genes. We have also performed otic vesicle RNA hybridizations against DNA chips to not only confirm the efficacy of the
library approach, but also to investigate the utility of DNA array alternatives. To begin to dissect potential developmental roles, we
investigated the spatial pattern of gene expression for a selected set of 80 genes in developing mouse embryos at mid-gestation by whole-
mount in situ hybridization. These data illustrate the compartmentalisation of gene expression in the otic vesicle for the majority of genes
tested, and furthermore, implicate many of the genes tested with distinct developmental subprocesses.
D 2004 Elsevier Inc. All rights reserved.Keywords: Otic vesicle; Otocyst; In situ hybridisation; cDNA subtraction; Microarrays; Inner ear
Introduction not only do sensory neurons of the vestibuloacousticIn vertebrates, a series of ectodermal patches of cells
or placodes is located either side of the midline in the
cranial region of the neurulating embryo. Together with a
cellular contribution from migratory neural crest, these
placodes give rise to the cranial sensory ganglia. How-
ever, the different cranial placodes are not identical in
their developmental potential, and may have different
evolutionary origins (reviewed in Graham and Begbie,
2000). The otic placode forms adjacent to hindbrain
rhombomeres 5 and 6 at 7.75–8.0dpc in mouse, and is
the most highly specialised of the cranial placodes. Thus,0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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sensory, supporting and non-sensory epithelial layers of
the inner ear also originate from the placode. Inner ear
development in the mouse proceeds through the invagi-
nation of the otic placode to form the otic cup (8.5dpc),
which subsequently sinks below the surface ectoderm by
9.0dpc to form the otic vesicle/otocyst. In mammals and
birds, the otic vesicle is a hollow epithelial-lined sphere,
and the first morphological change to the vesicle is
evident as a dorso-medial evagination at 10.5dpc, as the
bud of the future endolymphatic duct emerges. During
the following 72 h of mouse development, the otic
vesicle undergoes a series of further evaginations, tissue
appositions and tissue remodellings to give rise to the
embryonic inner ear divided into vestibular and auditory
divisions. At 13.5dpc, future sensory hair cells begin to
enter terminal mitoses to initiate their programme of
differentiation in the cochlea, and have already initiated
N. Powles et al. / Developmental Biology 268 (2004) 24–38 25this programme in the remaining vestibular sensory
epithelia.
Although inner ear embryology has beenwell documented
(see Fritzsch et al., 1997 for review) and for a variety of
different species, surprisingly little is known of the molecular
mechanisms that control and carry out this developmental
programme. Many of the recent approaches toward under-
standing the molecular basis of inner ear development have
revisited genetic paradigms from other organ systems in the
mouse and different species, and have investigated their
particular role in inner ear development. However, it is likely
that to generate a structure of the complexity of the fully
formed inner ear, many different genetic pathways are in-
volved, and furthermore, that this requires the concerted
action of a wide variety of different gene products and at
different stages. To date, relatively few genes have been
studied in inner ear development in comparison with other
developing organ systems (e.g. CNS), and from the outset
this study looked to increase the pool of candidate genes that
may play important roles in this developmental process.
Early inner ear development proceeds through a series of
multiple tissue inductions and interactions, and although
these may be independently regulated (Groves and Bron-
ner-Fraser, 2000), their co-ordination is required to generate a
functional inner ear. The different early inductive events have
been shown to involve all tissues in the vicinity of the
developing otic placode: surface ectoderm, mesenchyme
and neuroectoderm have all been implicated (Groves and
Bronner-Fraser, 2000; Jacobson, 1966; Ladher et al., 2000;
Yntema, 1950) (see Torres and Giraldez, 1998 for review).
However, otic vesicle culture experiments suggest an increas-
ing autonomy of the otic epithelium, because 10.5dpc, but not
9.5dpc mouse otic vesicles, have the capacity to generate
sensory patches in vitro (Li et al., 1978). Furthermore, otic
vesicle rotation experiments in chick embryos reveal that the
different axes are established at different developmental
times within the vesicle, and that sensory and non-sensory
specification does not appear to be synchronous (Wu et al.,
1998). All these studies highlight the otic vesicle as a key
early embryological stage in inner ear development, likely to
be distinct and downstream of the genetic pathways required
for cranial placode determination. The increasing develop-
mental autonomy of the vesicle suggests to us that the vesicle
is likely to be transcriptionally active in those molecules
required for controlling and executing the developmental
programme. Therefore, in this study, we have been looking
to identify those genes transcriptionally active in the 10.5dpc
otic vesicle, for the embryological reasons outlined above. In
particular, we were keen to extend our analysis beyond gene
identification and in silico prediction of function. Therefore,
we have selected 80 genes, both novel/uncharacterized, and
genes characterized from different biological contexts but
hitherto not associated with inner ear development, for in situ
hybridization studies. In this report, we are able to implicate a
significant number of genes involved in subset(s) of the
different developmental processes underway in the oticvesicle, and furthermore, these data also reveal the presence
of compartments of gene expression within the mouse
10.5dpc otic vesicle.Materials and methods
Library preparation
Eight hundred otic vesicles were dissected from 10.5dpc
mouse embryos generated through F1 crosses of C57BL6/
CBA adult mice. Poly(A) RNA was prepared using the
Micro mRNA purification kit (Amersham-Pharmacia), and
this was used to generate cDNA using oligo(dT) primed first
strand synthesis, Superscript RT II, and Escherichia coli
enzymes DNA ligase, polymerase and RNAse H (all from
Invitrogen), and were used according to manufacturer’s
instructions. cDNA was end-filled with T4 DNA polymer-
ase, purified through a Qiagen Qiaquick PCR purification
column and precipitated. In the same way as for cDNA
subtractions performed in the accompanying manuscript,
adaptors (Wang and Brown, 1991) were ligated to cDNA
and normalised/equalised using the PCR Select kit (BD
Biosciences) following the supplied protocol but without the
addition of any driver cDNA. Following two rounds of
hybridization, cDNA was subcloned into pBluescript KS
and pGEM vectors. Liver cDNA was prepared in the same
manner but for use as a hybridization probe.
Visual subtraction
Inserts were amplified from individual clones using
polylinker primers, resolved through gels and blotted onto
membranes. Adult liver cDNA was hybridized against
filters, and clones demonstrating negligible or no hybrid-
ization signal were sequenced.
DNA sequencing and computer analysis
Sequence was determined on both strands for individual
clones using the ABI Big Dye Primer and Terminator kits
(Perkin Elmer), running reactions on an ABI377 sequencing
unit. To analyse the DNA sequence, the MacVector suite of
programmes was used (Oxford Molecular) together with a
variety of online tools at http://www.ncbi.nlm.nih.gov/ and
http://www.hri.co.jp/atgpr/. Predictions concerning potential
motifs were made using SMART analysis available online at
http://smart.embl-heidelberg.de/ (Letunic et al., 2002).
CHIP hybridizations
RNA was prepared from 160 10.5dpc otic vesicles using
TRIzol and cRNA preparation, hybridization to oligonucle-
otide arrays and scanning of the arrays was performed as
described in the Affymetrix GeneChip Expression Analysis
Manual (http://www.affymetrix.com). Scanned files were
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data were saved as an Excel file containing expression
values (Average Difference) and detection of RNA species
(Presence/Absence Call).
Whole-mount in situ hybridization
10.5dpc embryos from F1 crosses (C57BL6  CBA)
were dissected, rinsed in PBS and fixed in paraformalde-
hyde at 4jC for 1 h. Fixed embryos were rinsed in PBS and
subsequently dehydrated through a methanol series. Ribop-
robes were generated from both strands for each clone tested
using SP6, T7 or T3 polymerases and DIG labelled UTP.
Whole-mount in situ hybridization was performed as de-
scribed previously (Nonchev and Maconochie, 1999). For
each gene assayed, in situ hybridizations were repeated on
multiple 10.5dpc embryos in at least two to three indepen-
dent experiments.Fig. 1. Overview of the 10.5dpc otic vesicle cDNA screen.Results and discussion
cDNA subtractions to identify genes expressed in the
10.5dpc otic vesicle
To access a set of developmentally important genes, we
attempted inner ear cDNA subtractions, using cDNA de-
rived from the inner ear isolated at different developmental
ages. This strategy was successfully used to identify genes
implicated in otic capsule development, and/or in the
development of sensory, supporting and non-sensory inner
ear epithelia, by subtraction of 13.5dpc against 10.5dpc
inner ear cDNA (see accompanying paper). We therefore
attempted a similar strategy to identify genes in the 10.5dpc
otic vesicle; however, this subtraction (10.5dpc against
13.5dpc) failed to yield a significant number of clones
which, when tested, did not show differential hybridization
to reverse and forward subtracted probes (data not shown).
Similarly, subtraction of cDNA from 10.5dpc otic vesicles
against 9.5dpc otic vesicles yielded few clones. We also
attempted a cDNA subtraction to identify otic vesicle-
specific genes by subtraction of 10.5dpc embryos against
10.5dpc embryos with otic vesicles removed but with poor
results. We attribute these failures to (a) excessive similar-
ity and embryological overlap between the 10.5/9.5dpc
stages, (b) insufficient sensitivity of the subtraction tech-
nique in expecting complete subtraction of transcripts in the
remainder of the whole embryo, although it may also be the
case that relatively few genes are truly ear specific at this
stage, and/or (c) the 10.5dpc and 13.5dpc developmental
stages are of significantly different transcriptional complex-
ity. We therefore devised a related but alternative approach
(Fig. 1) by breaking up the subtraction/normalisation pro-
cedure into component parts. We used the PCR Select kit
for suppression hybridization only, so as to effectively
normalise/equalise the 10.5dpc cDNA pool, and achievedthis by omitting driver cDNA in the hybridization mixture,
thereby preventing any subtraction at this stage. This
equalised/normalised cDNA population is envisaged to
quantitatively level out the different transcript types. We
then chose to directly clone this population and generate an
equalised/normalised otic vesicle cDNA library. However,
because this resource will include genes serving myriad
functions in the vesicle, we wished to exclude those clones
more likely to serve a housekeeping role from the down-
stream analysis. We therefore subtracted library clones
against adult liver cDNA, on the assumption that genes
also transcribed in adult liver are less likely to play an
important developmental role. Using a visual subtraction
(see Materials and methods), 4000 clones were analysed
and 500 clones selected as demonstrating negligible or no
hybridization to adult liver cDNA (Fig. 1). The identity of
individual clones was determined through DNA sequenc-
ing, and in total 280 different genes were represented,
indicating that the normalization/equalization procedure
had been successful.
Overview and analysis of otic vesicle clones
The identity of all 280 otic vesicle clones are presented in
Supporting Information: Gene Table 10.5dpc, and this
online table also reports the data from the different analyses
performed and presented below. However, 80 clones were
selected for further additional analyses, and therefore the
data on these selected clones are presented in Table 1.
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uncharacterized to date, where the sequence deposition in
the databases corresponds to a reference entry only. In the
Gene Table (Supporting Information), we provide the ac-
cession number of the database entry with most significant
similarity obtained through BLAST analysis of non-redun-
dant and mouse EST databases, and indicate the first
representative mouse sequence where appropriate [in 19
cases (6%), human or rat clones were the more appropriate
choice because significantly higher homology scores were
obtained from these other species]. Of the known/charac-
terized genes, a total of 26 (9%) represent mouse homologs
yet to be annotated. Of the novel genes, annotation is still
rudimentary for the majority. Nevertheless, the novel/
uncharacterized genes already include a number of homo-
logs of uncharacterized human clones, and we anticipate
that as sequencing programmes come to completion, most
will have human homologs. The probability values for the
BLAST score for the associated accession entry are also
presented in the Gene Table.
Further sequence analysis indicated that for many of the
genes isolated, EST entries are already grouped within
Unigene clusters, and the Unigene identifier associated with
each clone is indicated where known (273 clones or 93% of
entries) (http://www.ncbi.nlm.nih.gov/UniGene/) (Note:
Unigene clusters subject to change.) In addition the MGI
identifier, more concerned with mouse annotation is also
given (http://www.informatics.jax.org/).
For the novel/uncharacterized genes, and the character-
ized genes where no molecular function(s) could be inferred
from the databases, we also analysed sequences for the
presence of open reading frames (ORFs). When ORFs were
identified, the predicted peptides were computed and sub-
sequently used to determine whether any of the common
known protein domains were present using SMART analy-
sis. Where these domains were identified, they are listed in
the Gene Table under ‘‘protein domains’’. We also describe
potential functions/processes associated with individual
genes and list these under ‘‘cellular processes’’ in the Gene
Table. Of the genes where we categorised a potential
function, 61/216 (28%) are transcription factors or proteins
associated with transcriptional regulation, signaling mole-
cules (inter- and intra-) or proteins associated with apopto-
sis. In addition, cellular functions such as RNA and protein
processing, cell adhesion and matrix interactions and the
control of the cell cycle will all have particular importance
in controlling and executing early inner ear development.
This suggests that the methodology utilized here has led to a
significant enrichment for developmentally important genes.
Analysis of otic vesicle RNA on DNA chips
To complement the above approaches, we have also
analysed otic vesicle transcription by using DNA chips.
We generated RNA from similarly staged 10.5dpc otic
vesicles, and used this to screen the f36,000 mouse genesand EST clusters on the Affymetrix Murine Genome U74
set. 14594 (41%) ‘‘Present’’ scores were obtained with the
otic vesicle probe. Clearly it is unrealistic to individually
analyse this number of clones in great detail, and this type of
analysis comes into its own when investigating different
experimental scenarios, such as mutant against wild-type
otic vesicles, or growth factor-treated otic vesicles against
control otic vesicles. However, we were interested to ana-
lyse how the genes we isolated in the liver subtraction
would be scored through gene profiling on microarrays.
Therefore, we used the analytical tools at www.affymetrix.
com/ to firstly identify where and how many of the genes
from our screen were also present on the Murine Genome
Chip. We were able to identify 233 of the 280 genes (83%)
on the arrays. Thus, a large proportion of the clones are
represented on the arrays, and we were able to assay the
majority of the clones identified in this study. Furthermore,
most genes were represented on more than one occasion on
the arrays, potentially increasing the reliability of the data.
We collected the individual ‘‘Presence/Absence’’ scores
for the genes present on the array, and have noted these in
the Gene Table. Summating these values and considering
individual co-ordinates on the arrays, 316 scores were
present with 168 absent (65% Present score). Alternatively,
dealing with individual genes and totalling individual hits/
absences and then assigning a ‘‘presence/absence’’ score
for each gene (and ignoring cases where the scores are
equal), 144 genes scored present and 43 absent (77%
Present score). This compares favourably to the overall
41% ‘‘Present’’ score of the chip to otic vesicle RNA.
However, it does illustrate that a significant proportion of
genes (35% or 23% dependent on the criteria used above)
score absent on the chip when hybridized against otic
vesicle RNA in our hands. We believe that such discrep-
ancies are due to different biases inherent in the differing
technologies used. This study has therefore also been
useful to gauge the efficiency of the use of arrays for
investigating and identifying gene transcription in the
developing otic vesicle, and we conclude that the use of
any one technology in isolation will ultimately lead to gaps
and inaccuracies in dissecting out the molecular mecha-
nisms. There is every reason to suspect these conclusions
would apply generally to experimental material assayed
through arrays and subtractions.
‘‘In silico’’ expression analysis of clones
cDNA library sequencing efforts are critical for annota-
tion of the genome, and provide much of the sequence data
present in the databases. Of particular relevance to this study
are three libraries (NCBI UniGene Lib.692, Lib.572 and
Lib.388) from mouse P5 organ of Corti, adult and newborn
inner ear, respectively (library details available by searching
http://cgap.nci.nih.gov/Tissues). We surveyed the cDNA
sources for the individual Unigene EST entries for all the
genes we isolated, and we list from which library ESTs have
Table 1
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List of genes isolated from the 10.5dpc subtraction and subsequent analysis. (Genes highlighted in grey—in situ patterns presented in Fig. 2; in situ patterns for all 80 genes are presented in supporting information). Columns are as follows: (1) Clone: Lab ID for individual clones. (2)
Gene: Gene symbol. (3) Gene description: Gene name. (4) Acc no: Accession number for best BLAST match. (5) BLAST: e value for BLAST score corresponding to accession number. (6) unigene: Unigene identifier (subject to change). (7) Protein domains: Protein domains
predicted for novel or poorly characterised genes. (8) Cellular processes: Potential function gene plays in embryo. (9) MGI ref: MGI informatics identifier. (10) # on Chip: Number of individual occurrences of gene on the Affymetrix U74 murine Genome array. (11) P/A on Chip:
Presence/absence scores for the individual genes on chip following hybridisations against 10.5dpc RNA (Present—solid circle, Absent—open circle, Marginal—grey). (12) Ear ESTs: Ear-related library sources of ESTs and genes present in the databases matching gene; oc—organ of
Corti library, adult—adult inner ear library, newborn—newborn inner ear library. (13) in situ: Categorisation of spatial pattern of expression from whole-mount analysis; EQ—equatorial, ED—endolymphatic duct. Brackets denote weak expression, but sufficient to be suggestive of
expression in noted domain. (14) Mouse map: Genetic map location in mouse genome. (15) human map: Map location in human genome of homolog. (16) Mouse mutants: Deaf mouse mutants which map within 5 cM of gene.
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Supporting Information: Gene Table 10.5dpc).
Mapping data and mouse mutants
Hereditary deafness impacts significantly on the human
population, affecting 1/2000 live born individuals (Steel and
Brown, 1994). Because the genes we have isolated in this
study are all expressed in the developing inner ear, they all
represent candidates for hereditary deafness disorders, syn-
dromic and non-syndromic. For example, Cadherin 23
mutations underlie the defect in waltzer mutant mice (Di
Palma et al., 2001), a deaf mouse model for Usher syndrome
type 1D. Therefore, map locations, where known, of the
mouse genes and their human homologs are indicated in
Table 1 and Supporting Information: Gene Table 10.5dpc.
Twenty-three of the isolated genes are located F5 cM
from the map positions for a variety of different deaf mouse
mutants. As more deaf mouse mutants are generated through
various random mutagenic screens, more gene candidates
will be required. Gene lists such as that presented here
should prove invaluable for identifying at least some of the
different genetic lesions generated through these non-direct-
ed approaches.
In situ hybridization analysis of selected genes
The analyses presented to date utilize particularly sensi-
tive and powerful technologies, and identify genes tran-
scribed at all levels of expression. The expression infor-
mation inferred from these analyses is, however, limited to
the nature of the tissue examined either on the arrays and/or
used for cDNA library generation. Fundamentally none of
these technologies offers insights into spatial patterns of gene
expression. Furthermore, an understanding of the pattern of
gene expression in situ reveals the cellular locale for poten-
tial functional roles for a given gene. Multiple related but
independent processes are underway in the developing otic
vesicle, and to begin to allocate genes to these different
processes, and as a starting point toward understanding their
functional role in inner ear development, we have investi-
gated gene expression through whole-mount in situ hybrid-
ization of 10.5dpc embryos.
We chose 50 novel/uncharacterized and 30 known genes
for this in situ hybridization study (Table 1), and a represen-
tative embryo for each gene is shown in lateral view in
Supporting Information: Embryo ISH. However, in this
study, we were primarily concerned with the developing
inner ear. Strikingly few genes (8 genes or 10% of those
tested) demonstrated no expression within the developing
inner ear, and 21 genes (26%) revealed general or ubiquitous
expression throughout the cranial region (data not shown).
The remaining genes demonstrated regionalised and restrict-
ed expression in the otic vesicle to different domains, with
many genes demonstrating common domains of expression.
We subsequently categorized expression domains into dorsal(Fig. 2), ventral (Fig. 3), anterior (marking an antero-ventral
domain, Fig. 3) and a few genes demonstrated expression
restricted to an anterior and posterior patch of expression at
the equatorial level of the otic vesicle (Fig. 5). A number of
genes also displayed expression restricted to a combination of
these domains (Fig. 4). Additionally, we also noted expres-
sion of a number of the genes tested in the developing
endolymphatic duct. Table 1 summarises the expression
domain(s) detected for each gene.
Nature and functional relevance of the genes isolated
Cellular processes in the developing inner ear
We carried out this study not to present a partial transcrip-
tional profile of the otic vesicle, but rather to identify genes
that may be involved in its normal development. Therefore,
we performed a subtraction against adult liver cDNA as a
means to enrich for such genes, to reduce the background of
genes performing ‘‘housekeeping’’ functions. Nevertheless,
genes likely to be involved in the normal metabolic processes
required for cellular homeostasis were still isolated in this
study, but the potential developmental role of all such genes
should not be entirely discounted. For example, Inpp5e, the
gene encoding inositol polyphosphate-5-phosphatase, could
play a developmental role because inositol phospho-oligo-
saccharide has already been shown to stimulate cell prolifer-
ation in the developing inner ear (Varela-Nieto et al., 1991).
A number of genes associated with apoptosis were
isolated, for example, Req, Sh3glb1, Bnip3l and Pten, and
are of interest since apoptosis has been shown to be ongoing
in a number of different locations in the developing otic
vesicle. Cell death has been identified in the antero-ventral
wall of the otic vesicle (Represa et al., 1990) at a location
above the developing VIII cranial ganglion, and at the
junction of the endolymphatic duct and otic vesicle, as well
as in and near developing sensory organs (Fekete et al.,
1997). Later in inner ear development, apoptosis has also
been shown to be involved in chick semicircular canal
morphogenesis, where it functions in removal of the fusion
plate. Bnip3l(Nix) is able to overcome apoptotic suppression
by Bcl2 (Chen et al., 1999), and Sh3glb1 (endophilin)
associates with the proapoptotic protein Bax (Cuddeback et
al., 2001), and is of interest since we demonstrated expres-
sion of endophilin (Fig. 2L) in the dorsal region of the otic
vesicle. Bax and Bcl2 expression have been reported in the
ear at later gestational stages, and it would be interesting to
examine their expression in the otic vesicle. The apoptotic
genes identified here are clearly candidates worth consider-
ation in these embryological contexts.
Similarly, a number of genes associated with the cell
cycle and proliferation were identified. In addition to
growth factors, receptors, and associated molecules (dis-
cussed below), at least 10 other genes associated with the
cell cycle were recovered, in addition to the cell cycle
regulated protein Pa2g4. The importance of precise cell
cycle control in inner ear development was borne out by
Fig. 2. Genes displaying dorsally restricted expression. Lateral views of the cranial region of representative 10.5dpc embryos following whole-mount in situ
hybridization using riboprobes generated from novel and known genes as indicated below panel. The corresponding whole embryo images are presented in
Supporting Information: Embryo ISH. Gene class is also noted along with each panel: Tf—transcription factor; Sg—signaling molecule; m—miscellaneous
group; N—novel; En—enzyme; refer to Table 1 for further details. The schematic of the embryonic head shown at the bottom of figure illustrates the location
of the major structures evident in the cranial views shown.
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demonstrated that the correct timing of withdrawal from the
cell cycle prior to terminal differentiation of future hair cells
was dependent on p27kip1 function, a cyclin-dependent
kinase inhibitor (Chen and Segil, 1999). The correct balance
of proliferation, apoptosis and control of the cell cycle is also
likely to be required for inner ear morphogenesis and sensory
patch generation, and in this study, we have identified a
number of genes that may be involved in such processes (see
Supporting Information: Gene Table).
Molecular control mechanisms
At an embryological level, the 10.5dpc mouse otic
vesicle is embarking on significant embryological changes
(see Introduction). It is thus not surprising that this ismirrored by the isolation of a significant number of different
inter- and intra-signaling molecules and transcription factors
which may control and regulate these changes. Many of the
genes we isolated are novel or largely uncharacterized, and
sequence analysis of a number of these indicate they may
fall into these classes of genes (see Supporting Information:
Gene Table). However, of the known genes, signaling
through a number of different pathways is implicated in
inner ear development: in particular, Bmp, Wnt, Fgf and
Igf signaling pathways are all inferred from the genes
recovered.
Bmp4 (Fig. 5C) and Bmp6 were both isolated in this
study, and Bmp4 is a routine molecular marker used to
identify developing sensory patches in the ear (Wu and Oh,
1996). Furthermore, functionality of Bmp4 signaling in the
Fig. 3. Genes displaying ventral and/or anteroventral restricted expression. Lateral views of the cranial region of representative 10.5dpc embryos following
whole-mount in situ hybridization using riboprobes generated from novel and known genes as indicated below panel. The corresponding whole embryo images
are presented in Supporting Information: Embryo ISH. Gene class is also noted along with each panel: Tf—transcription factor; Sg—signaling molecule; m—
miscellaneous group; Cy—cytoskeleton; Pm—protein modification; N—novel; refer to Table 1 for further details. The schematic of the embryonic head shown
at the bottom of figure illustrates the location of the major structures evident in the cranial views shown.
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ectopic noggin application, a BMP4 antagonist, which leads
to inner ear malformations (Chang et al., 1999; Gerlach et
al., 1999).
Fibroblast growth factor signaling is required during early
and late stages of inner ear development, and whilst some of
these activities are achieved through the action of FGFR2
(Pirvola et al., 2000) and FGFR3 (Colvin et al., 1996), here
we note the isolation of Fgfr1 at 10.5dpc, which has recently
been shown to be required for the development of the
auditory sensory epithelium (Pirvola et al., 2002). This
contributes to our growing understanding of redundant
mechanisms which may be operating between Fgf3 and
Fgf10 in early inner ear development in the mouse (Alvarez
et al., 2003; Wright and Mansour, 2003). Our isolation ofFgfrp, a gene previously isolated from differential display of
FGF1-treated NIH-3T3 cells (Donohue et al., 1994), sug-
gests that targets of FGF signaling are likely to be amongst
the genes we have isolated and may be responsible for
carrying out the different FGF-controlled embryological
processes in the ear. Formin-1 has been shown to play
critical roles in limb and kidney development and is required
for Fgf4 and Shh expression in the embryonic limb bud
(Chan et al., 1995). In the chick, formin is expressed in the
otic vesicle (de la Pompa et al., 1995), but to date, inner ear
phenotypes have not been reported in formin mouse mutants
(ld; limb deformity), despite later expression in the develop-
ing VIII cranial ganglion in mouse. However, recently, a
homolog has been reported, Formin-2, which includes ex-
pression within the developing otic vesicle (Leader and
Fig. 4. Genes displaying ventral and/or anteroventral restricted expression as well as expression in the dorsal otic vesicle. Lateral views of the cranial region of
representative 10.5dpc embryos following whole-mount in situ hybridization using riboprobes generated from novel and known genes as indicated below
panel. The corresponding whole embryo images are presented in Supporting Information: Embryo ISH. Gene class is also noted along with each panel: Tf—
transcription factor; En—enzyme; Sg—signaling molecule; m—miscellaneous group; N—novel; refer to Table 1 for further details. The schematic of the
embryonic head shown at the bottom of figure illustrates the location of the major structures evident in the cranial views shown.
N. Powles et al. / Developmental Biology 268 (2004) 24–38 35
Fig. 5. Genes displaying expression restricted to the anterior and posterior equatorial poles of the otic vesicle. Lateral views of the cranial region of
representative 10.5dpc embryos following whole-mount in situ hybridization using riboprobes generated from novel and known genes as indicated below
panel. The corresponding whole embryo images are presented in Supporting Information: Embryo ISH. Gene class is also noted along with each panel: Sg—
signaling molecule; Cy—cytoskeleton; N—novel; refer to Table 1 for further details. The schematic of the embryonic head shown at the bottom of figure
illustrates the location of the major structures evident in the cranial views shown.
N. Powles et al. / Developmental Biology 268 (2004) 24–3836Leder, 2000) in a domain similar to that of Fnbp4 (Fig. 4Q), a
formin binding protein isolated in this study.
Wnt signaling is also suggested given the isolation of
beta-catenin and Sfrp1, a secreted frizzled related protein
which acts as a Wnt signaling. Wnt8c is involved in early
inductive events in inner ear development (Ladher et al.,
2000) but the role of other Wnts in inner ear development
has yet to be demonstrated.
While analysis of IgfI-deficient mice indicates a role in
inner ear maturation (Camarero et al., 2001), in vitro studies
indicate a role earlier in otic development in controlling
cellular proliferation (Leon et al., 1995). Genes intimately
linked with IGF signaling, Imp-2 (IgfII mRNA binding
protein, Fig. 4S) and H19 (which can bind IgfII) were
identified and may play a role in modulating the IGF signal
during inner ear development.
These examples illustrate that many of the signaling
pathways associated with different embryonic regions also
have components present in the mouse otic vesicle.
Domains of gene expression in the mouse 10.5dpc otic
vesicle
Genes involved in placode determination are broadly
expressed throughout the placode (e.g. the neurogenins; Fode
et al., 1998; Ma et al., 1998). However, it is likely that
asymmetric gene expression will be required for pattern
formation after the placode forms, to subdivide the develop-
ing inner ear into different functional compartments. Indeed
this has been borne out by gene expression studies to date. For
example, one of the earliest genes expressed and shown to be
required for inner ear development is Nkx5.1 (Hadrys et al.,1998), and initially is uniformly expressed throughout the late
placode but becomes rapidly localised to restricted domains
as the otic cup forms (Rinkwitz-Brandt et al., 1995). Thus,
because asymmetric gene expression can be seen as early as
late placode stages, it is not surprising that many of the genes
isolated in this study have expression patterns that are
similarly asymmetric and restricted to different regions of
the otic vesicle. Indeed if the genes tested were more likely to
serve a housekeeping role, then general or ubiquitous expres-
sion might be envisaged, and this is the case for the minority
of those genes selected for in situ hybridization. This also
supports the efficacy of the approach we have used. Very few
genes were tested that did not display expression in the otic
vesicle. Absence of expression could either be due to the
nature of the particular probe used or reflect expression at a
level not detectable through non-radioactive assays. Given
the great sensitivity of the techniques used to isolate the genes
initially, this small number of genes not expressed further
vindicates the approaches used.
Restricted domains of gene expression in the developing
inner ear have been previously described, and in different
species (e.g. Kiernan et al., 1997). The extensive set of in
situ hybridizations presented in this study indicates that
compartmentalisation of gene expression is not restricted to
few genes in the developing inner ear, but is a recurring
theme. Furthermore, this regionalisation of gene expression
is not a transient phenomenon restricted to otic placode and
early otic vesicles in the mouse. The restriction of gene
expression to different domains or compartments of gene
expression is likely to have significant functional conse-
quences, and underlies the developmental diversity of
different regions of the inner ear. Indeed, in a review of
N. Powles et al. / Developmental Biology 268 (2004) 24–38 37inner ear mutants from different species (Fekete, 1999),
regionalised gene expression was found to correlate well
with restricted defects within the inner ear upon analysis of
the associated mutant phenotype.
Our data indicate the presence of ventral and dorsal
compartments of gene expression, an endolymphatic duct
domain and an antero-ventral domain at the site of neuro-
blast delamination. However, for a limited number of
genes, we have detected expression in an equatorial do-
main, at the anterior and posterior poles of the 10.5dpc otic
vesicle. Rather than a broad domain of expression, this
domain consists of two small groups of expressing cells,
which is similar but not identical to the expression pattern
exhibited by Bmp4 at this stage. This domain could
correspond to an additional compartment of gene expres-
sion in the inner ear, an ‘‘equatorial polar domain’’, and in
addition could represent the consequences of a boundary
model operating in the inner ear (see below). A model is
presented of the domains of gene expression in the 10.5dpc
mouse otic vesicle in Fig. 6, which also summarises the
regionalised gene expression patterns uncovered in this
study. It is important, however, to remember the two-
dimensionality of the images presented in Figs. 2–5. The
appearance of nested expression within domains could
therefore also reflect differences in medial–lateral expres-
sion domains.
The boundary model has been presented as a means to
generate discrete fields of cells within the otic vesicle, of a
distinctive character and generated at the intersection of
overlapping gene expression boundaries (Fekete, 1996;
Kiernan et al., 1997), such as the Bmp4 patches of
expression noted above. There are a number of broad
and potentially overlapping expression patterns presented
in this study which could underscore the operation of the
boundary model, for example, in the intersection of dorsalFig. 6. Model illustrating compartments of gene expression in the 10.5dpc mouse o
in the otic vesicle are annotated alongside the domain(s)/compartment of expr
molecular markers not isolated through this study are also shown in black type.and ventrally expressed genes. However, the in situ
analysis in this study was only carried out at one devel-
opmental time point, and time courses together with
double labelling experiments are required to examine in
detail gene expression patterns and potential overlaps of
expression.
Multiple related but independent processes are underway
in the developing otic vesicle: neuroblasts are delaminating
from the anterior–ventral wall to form the VIII cranial
ganglion, dorsal evaginations are being initiated for semi-
circular canal formation and the ventral portion will simi-
larly initiate extrusion and coiling to form the cochlea. We
have progressed with gene characterisation in this study to
defining the patterns of gene expression for individual
genes, and have found that frequently, expression was
restricted to limited domains within the developing otic
vesicle. The individual compartment(s) of gene expression
suggests which of the different developmental subprocesses
noted above may have some input from each gene. Simi-
larly, for a particular process in the developing inner ear, a
set of genes can be considered for potential functional roles.
This study therefore provides a molecular window on the
developing inner ear, and future studies need to be directed
toward confirming and detailing individual functional roles
for genes displaying such restricted expression.Acknowledgments
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